Background {#Sec1}
==========

Mesenchymal stem cells (MSCs) are multipotent and immunoregulatory stem cells that limit the progression and severity of autoimmune diseases \[[@CR1]--[@CR3]\]. MSC immunosuppressive functions are mediated through cell--cell contacts and the secretion of soluble factors, particularly inducible nitric oxide synthase by murine MSCs and indoleamine-2,3-dioxygenase by human MSCs \[[@CR4]\], as well as IL-6, TGF-β1 and PGE2, IL-1RA, and HLAG5s \[[@CR5]--[@CR8]\]. We and others demonstrated that MSCs prevent T cell differentiation into T helper (Th)17 and Th1 cells and induce T regulatory (Treg) cells in vitro \[[@CR9]--[@CR11]\]. This MSC inhibitory effect requires cell--cell contacts through ICAM-1 and the release of soluble factors, such as PGE2 \[[@CR9], [@CR11]\]. MSC immunomodulatory properties are not intrinsic, but are induced by inflammatory cytokines \[[@CR9], [@CR12]--[@CR14]\]. Thus, MSCs establish direct interactions with T cells in physiological conditions where MSCs play a key role in T cell homeostasis and also in pathological conditions where infused MSCs have immunoregulatory properties.

It has been shown that MSCs make tunneling nanotube (TNT) connections with various cell types, leading to intercellular exchange of mitochondria \[[@CR15], [@CR16]\]. We previously demonstrated that the dynamic transfer of mitochondria to carcinoma cells induces changes in malignant cell proliferation and glucose uptake \[[@CR17]\]. Moreover, mitochondrial transfer via the TNT connections between MSCs and non-malignant cells with mitochondrial damage allows rescuing the mitochondrial function in the receiving cells \[[@CR16], [@CR18]\]. TNT-mediated transfer of MSC mitochondria to cancer cells increases their metabolic activity and resistance to therapy. It has been proposed that such transfer is regulated by the mitochondrial Rho-GTPase Miro that favors mitochondrial trafficking along cytoskeleton fibers \[[@CR15], [@CR16], [@CR18]\]. In vivo, the transfer of MSC mitochondria to damaged bronchial epithelial cells modifies the metabolism and restores the functionality of the receiving cells, thus limiting cell damage and apoptosis \[[@CR19], [@CR20]\]. Thus, intercellular mitochondrial transport modifies the recipient cell bioenergetics and stimulates their proliferation and functions. Concerning immune cells, it has been shown that MSCs extensively transfer mitochondria to macrophages, partially through TNT, thus increasing their phagocytic activity. However, it is not known whether MSCs can transfer mitochondria to pathogenic Th17 cells and the consequence of this event, although it is widely acknowledged that MSCs regulate the balance between pathogenic Th17 cells and Treg cells to improve autoimmune disease outcomes.

In this study, we investigated the role of mitochondrial transfer in the MSC-mediated modulation of Th17 cell function. To this aim, we co-cultured memory Th17 cells and bone marrow (BM)-MSCs to investigate MSC capacity to transfer mitochondria to Th17 cells and the effect of this transfer on Th17 cell phenotype, function, and metabolism. Then, using an artificial method to transfer mitochondria (i.e., MitoCeption), we assessed the direct effect of BM-MSC mitochondrial transfer on the Th17 cell phenotype. Finally, to determine the influence of the inflammatory environment in the joints of patients with rheumatoid arthritis (RA) on mitochondrial transfer from MSCs to T cells, we compared mitochondrial transfer from RA synoviocytes and healthy BM-MSCs to CD4^+^ T cells. Altogether, our results highlight that mitochondrial transfer from MSCs is a novel immunoregulatory mechanism for inhibiting Th17 cells that could be impaired in RA synoviocytes.

Methods {#Sec2}
=======

Isolation and characterization of human MSCs {#Sec3}
--------------------------------------------

Human MSCs, isolated from the BM of three healthy donors after written consent, were obtained from the Établissement Français du Sang (EFS; Grenoble, France) and used at the third or fourth passage. MSCs were cultured in α-MEM medium (Lonza, Switzerland) supplemented with 10% fetal calf serum (FCS) (Sigma, USA), 2 mM glutamine, 100 U/ml penicillin, 100 mg/ml streptomycin (without antibiotics for PCR assays with mitochondrial DNA and for T cell bioenergetics analysis), and 1 ng/ml basic FGF (Bio-Techne, UK). To simulate an inflammatory environment, MSCs were pre-incubated with TNF-α (10 ng/ml) and IFN-γ (20 ng/ml) (R&D, France) for 48 h.

Isolation and culture of human T cells {#Sec4}
--------------------------------------

Polyclonal CD4^+^ T cell populations were prepared from peripheral blood mononuclear cells (PBMCs) from five healthy donors (EFS, Montpellier, France) after written consent. CD4^+^ T cell isolation, stimulation, and culture protocols were as previously described \[[@CR9]\]. Briefly, in vivo polarized CD4^+^ Th17 cells were sorted by flow cytometry based on the fact that the chemokine receptor CCR6 is expressed almost exclusively by the Th17 cell subset and not by CD4^+^ Th1 and Th2 cells. CD4^+^CCR6^+^ and CD4^+^CCR6^−^ T cells were propagated by weekly stimulation with an irradiated feeder cell mixture (PBMCs and JY cell line) with PHA (Lonza, France) and recombinant IL-2 (2 ng/ml; Bio-Techne, UK). To prevent any possible derivation of the T cell lines due to culture conditions, cells were stimulated at most thrice, and their production of IL-17 and expression of RoRγt were regularly tested. T cells were used 10 to 15 days after the latest propagation phase, a time window that corresponds to T cells in a resting phase. All culture procedures were carried out in Yssel's medium, supplemented with 2% human AB^+^ serum (EFS, Lyon, France).

Isolation and characterization of human RA synovial stromal stem cells (RA-sMSCs) {#Sec5}
---------------------------------------------------------------------------------

The use of clinical biopsies and blood samples from patients with RA was approved by the ethics committee of Montpellier University Hospitals (DC-2008-417---coordinator C Jorgensen). Culture conditions were as for BM-MSCs, and isolation was performed as previously described \[[@CR21]\].

Co-culture experiments {#Sec6}
----------------------

MSCs were labeled with the MitoTracker Green FM (M7514), MitoTracker Red CMXRos, or MitoTracker Deep Red FM (far red) fluorescent mitochondrial dyes (Molecular Probes, France) according to the manufacturer's instructions, 24 h before co-culture. In some experiments, T cells were labeled with the CellTracker Green fluorescent dye (Molecular Probes, France) according to the manufacturer's instructions. After labeling, MSCs were harvested, extensively washed in PBS, and co-cultured with Th17 cells (10^6^ cells, MSC to T cell ratio 1:25) in 24-well culture plates (BD, Germany) activated with anti-CD3 and anti-CD28 monoclonal antibody (mAb)-coated beads (Expander Beads, ThermoFisher, UK) in the presence of 30 U/ml of IL-2 for 3 days. As a control, T cells were cultured without MSCs. At two time points during co-culture (4 h and 24 h), non-adherent T cells were harvested, and MitoTracker dye uptake (as a sign of mitochondrial transfer from MSCs) was analyzed by flow cytometry.

Flow cytometry {#Sec7}
--------------

Flow cytometry analysis of T cells and MSCs was carried out as previously described \[[@CR9]\] using PE-conjugated anti-CCR6 (Bio-Techne, UK), Fluo-conjugated anti-CD3 and anti-CD4 mAbs, and isotype control (BD, Germany) and a FACSCanto or FACSFortesa flow cytometer. Data (10,000 events/sample) were collected using the DIVA software (BD, Germany). Cell sorting was performed on a FACSAria® flow cytometer (BD, Germany).

Intracellular staining of T cells was performed after 4 h of activation with PMA (20 ng/ml; Merck, Germany) and ionomycin (1 mg/ml; Merck, Germany), in the presence of brefeldin A (10 mg/ml; Sigma, USA). When necessary, cells were stained with PE-conjugated anti-CCR6 (Bio-Techne, UK), Fluo-conjugated anti-CD3 and anti-CD4 mAbs, and isotype control (BD, Germany). Then, cells were fixed with Cytofix/Cytoperm buffer (ThermoFisher, UK) at 4 °C overnight and stained with fluorochrome-conjugated mAbs diluted in Perm/Wash buffer (ThermoFisher, UK), according to the manufacturer's specifications. Cytokine production was assessed by flow cytometry using anti-IL-17--Percp5.5, anti-IL-CD25--APC, anti-IL-10--PECY7, and anti-IFN-γ--APCCY7 (ThermoFisher, UK) mAbs. FOXP3 expression was assessed with an anti-FOXP3 PE-conjugated mAb (ThermoFisher, UK). All mAbs were used at the optimal concentrations previously determined in independent experiments on the basis of the manufacturer's recommendations.

T cell proliferation was assessed with the CellTrace Violet Cell Proliferation Kit for flow cytometry (Molecular Probes, France) according to the manufacturer's instructions.

PCR assays with mitochondrial DNA {#Sec8}
---------------------------------

MSC mitochondrial DNA (mtDNA) in T cells was quantified by PCR, based on the distinct haplotypes of the MSC and T cell donors. To increase the assay specificity, a supplementary modification was introduced at position n-2 relative to the SNP site and at the 3′ end of the PCR primers. MSC mtDNA from one donor was amplified with the primers 5′-TTAACTCCACCATTAGCACC-3′ \[[@CR22]\] and 5′-AGTATTTATGGTACCGTCCG-3′ (positions 15971--16143) and MSC mtDNA from the two other donors with the primers 5′-TAACAGTACATAGCACATACAA-3′ and 5′-GAGGATGGTGGTCAAGGGA-3′ (universal sequencing primer \[[@CR22]\]) (positions 16298--16410).

Confocal microscopy {#Sec9}
-------------------

Cells were seeded on culture dishes with glass bottom, and images of live cells were taken with a Carl Zeiss LSM 5 LIVE (LSM 510 META and LSM 5 LIVE) DuoScan Laser Scanning microscope immediately after 4 h of MSC-T cell co-culture. 3D reconstruction was done using the Imaris Bitplane software.

T cell bioenergetics {#Sec10}
--------------------

Oxygen consumption rate (OCR) was measured using the XF24 analyzer (Seahorse Biosciences, North Billerica, MA, USA). Briefly, XF24 24-well plates were coated with Cell-Tak (BD Biosciences, France), as described in the Seahorse protocol. T cells (10^6^ cells/well) were plated in unbuffered XF assay medium--modified DMEM (Seahorse Biosciences) at pH 7.4, supplemented with 10 mM glucose, 2 mM glutamate, and 1 mM sodium pyruvate, and incubated at 37 °C without CO~2~. OCR was measured (4 wells per condition) in basal conditions and after sequential addition of oligomycin (1 μM), carbonylcyanide-4-trifluoromethoxyphenylhydrazone (FCCP) (1 μM), rotenone (100 nM), and antimycin A (1 μM). Three readings were taken after each addition. Instrument background was measured in separate control wells using the same conditions but without cells. T cells from three independent co-cultures were used for these experiments.

Isolation of MSC mitochondria and transfer to T cells (MitoCeption) {#Sec11}
-------------------------------------------------------------------

Mitochondria were isolated using the Mitochondria Isolation Kit for Cultured Cells (ThermoScientific) following the manufacturer's instructions. At least 1 × 10^6^ MitoTracker-stained MSCs were used to obtain between 50 and 100 μg of mitochondria. To reduce contamination from cytosolic elements, a final centrifugation was performed at 3000*g* for 15 min. Isolated mitochondria were resuspended in Yssel's medium, supplemented with 2% human AB^+^ serum (EFS, Lyon, France), and maintained on ice for immediate transfer into CD4^+^CD45^+^CCR6^+^ T cells. To this aim, 10 μg of mitochondria was used for 2.5 × 10^5^ T cells, as previously described \[[@CR17]\]. Then, culture plates were centrifuged at 1500*g* at 4 °C for 15 min and incubated at 37 °C, 5%CO~2~, for 24 h. The following day MitoCeption efficiency was verified by flow cytometry analysis of the MitoTracker signal in T cells (Additional file [1](#MOESM1){ref-type="media"}: Figure S1).

Statistical analyses {#Sec12}
--------------------

Data were analyzed using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA). The non-parametric Friedman test was used to evaluate statistical differences among paired multiple samples, and the non-parametric Mann--Whitney test to compare two variables. Differences were considered statistically significant when *P* \< 0.05 (\**P* \< 0.05, \*\**P* \< 0.01, \*\*\**P* \< 0.001). All data are presented as mean values ± SEM.

Results {#Sec13}
=======

Uptake of mitochondria by primary human CD4^+^CCR6^+^CD45R0^+^ T cells co-cultured with BM-MSCs {#Sec14}
-----------------------------------------------------------------------------------------------

To determine whether mitochondria are transferred from BM-MSCs into primary lymphocytes, BM-MSCs were labeled with the MitoTracker Green probe and co-cultured with human PBMCs from healthy donors. After 4 h of co-culture, PBMCs were harvested and labeled with fluorochrome-conjugated mAbs to identify CD4^+^, CD8^+^, and CD19^+^ T cells. FACS analysis showed that mitochondria were transferred from BM-MSCs into all studied lymphocyte subsets, particularly in CD4^+^ T cells (56% in CD4^+^ vs 17% in CD8^+^ T cells and 24% in B cells) (Fig. [1](#Fig1){ref-type="fig"}a). Moreover, mitochondria uptake was higher in CD4^+^ memory T cells (CD45RO^+^) than that in naive CD4^+^ T cells (CD45RA^+^), and 60% of memory T cells were CCR6^+^ cells (Th17 memory phenotype) (Fig. [1](#Fig1){ref-type="fig"}a). As memory CD4^+^ T cells, and particularly those expressing CCR6, were the best recipients of BM-MSC mitochondria, the subsequent analyses focused on the impact of mitochondrial transfer to pro-inflammatory Th17 cells. To this aim, FACS-sorted CD4^+^CCR6^+^CD45RO^+^ T cells from PBMCs of five healthy donors were stimulated and amplified in vitro to obtain an enriched Th17 population. Then, day 10 resting Th17 cells were co-cultured with MitoTracker-labeled BM-MSCs isolated from three healthy donors for 4 h and 24 h. FACS analysis of non-adherent T cells showed that BM-MSCs could transfer mitochondria to Th17 cells after 4 and 24 h of co-culture. Of note, although the percentage of mitochondrial transfer did not change between 4 and 24 h, the mean fluorescence intensity (MFI) was higher after 24 h of co-culture, suggesting that only a fraction of Th17 cells could receive mitochondria from BM-MSCs (Fig. [1](#Fig1){ref-type="fig"}b). Mitochondrial transfer was completely abolished by mechanical shaking of cells (data not shown), indicating that it occurred through a contact-dependent mechanism. Moreover, incubation of T cells with culture medium conditioned by MitoTracker-labeled BM-MSCs, but without BM-MSCs, did not lead to a fluorescence signal increase in T cells (data not shown), ruling out the possibility of passive staining of T cell mitochondria due to MitoTracker probe leak. To determine whether BM-MSC mitochondria enter Th17 cells, CellTracker-labeled T cells (green) were analyzed by confocal microscopy after co-culture (4 h) with MitoTracker Red CMXRos-labeled BM-MSCs (Fig. [1](#Fig1){ref-type="fig"}c). MSC mitochondria (red) were observed in some T cells attached to the BM-MSCs (Fig. [1](#Fig1){ref-type="fig"}c) and also in some T cells in suspension (Fig. [1](#Fig1){ref-type="fig"}c, right panel).Fig. 1Primary human Th17 cells take up mitochondria after co-culture with BM-MSCs. **a** MitoTracker-labeled BM-MSCs were co-cultured with PBMCs for 4 h, and then mitochondrial transfer to naive CD4^+^ T cells, CD8^+^ T cells, and B cells was evaluated by flow cytometry. **b** Sorted Th17 cells were co-cultured with MitoTracker-labeled BM-MSCs for 4 and 24 h, and mitochondrial transfer was assessed by flow cytometry analysis. Mitochondrial transfer is expressed as the percentage of MitoTracker-positive T cells relative to all T cells and as the mean fluorescence intensity (MFI). **c** 3D reconstruction of confocal microscopy images of BM-MSC mitochondrial transfer to T cells after co-culture for 4 h (MSC to T cell ratio = 1:25). BM-MSCs and T cells were labeled with MitoTracker Red CMXRos and CellTracker Green, respectively, before co-culture. Confocal microscopy images obtained immediately after co-culture show T cells attached to BM-MSCs (left panels) and non-adherent T cells (right panels). Scale bar 10 μm. **d** Detection of BM-MSC mitochondrial DNA (mtDNA) by qPCR in T cells before c-culture (CTL), after 4 h of co-culture, and then at 24, 48, and 72 h. Data are the mean ± SEM of at least 3 independent experiments using T cells from five different PBMC donors and BM-MSCs from three donors

To confirm the transfer of MSC mitochondria in T cells during co-culture, MSC mtDNA was quantified in T cells (Fig. [1](#Fig1){ref-type="fig"}d) by taking advantage of the different mtDNA haplotypes of BM-MSCs and T cells (different donors for each cell type). First, mtDNA was isolated from MSCs (three donors) and T cells (one donor), and their variable D-loop regions were sequenced. This allowed the detection of specific SNPs, and the design of PCR primers to specifically target and amplify MSC (and not T cell) mtDNA. After 4 h of co-culture (MSC to T cell ratio 1:25), non-adherent T cells were harvested and cultured with IL-2 and without BM-MSCs for up to 72 h. PCR analysis of MSC mtDNA in T cells after the 4 h of co-culture and then at 24, 48, and 72 h of incubation with IL-2 showed that MSC mtDNA could be detected in T cells after 4 h of co-culture and up to 48 h with IL-2, but not at the 72-h time point.

Altogether, these results indicate that mitochondria are efficiently transferred from human BM-MSCs into Th17 cells via cell-to-cell interactions already after 4 h of co-culture.

Co-culture with BM-MSCs leads to a reduction of Th17 cell responses and Treg cell generation {#Sec15}
--------------------------------------------------------------------------------------------

Our previous study showed that after long-term co-culture, MSCs interfere with the functional activity of Th17 cells, a CD4^+^ T cell population that plays an important role in the development of autoimmune diseases, such as RA \[[@CR9], [@CR11]\]. To investigate whether short-term (4 or 24 h) co-culture also could alter Th17 cell function and induce the expression of Treg markers, particularly FOXP3, CD4^+^CCR6^+^CD45RO^+^ T cells sorted from PBMCs of five healthy donors were stimulated and amplified in vitro to obtain a T cell population enriched in Th17 cells. Then, resting Th17 cells were co-cultured with BM-MSCs isolated from three healthy donors for 4 h, followed by harvesting of non-adherent Th17 cells and stimulation with anti-CD3 and anti-CD28 antibody-coated beads for 3 more days. Finally, FACS-based quantification of IL-17 and FOXP3 expression showed that compared with not co-cultured Th17 cells, production of IL-17 was reduced only after co-culture with BM-MSCs for 24 h (Fig. [2](#Fig2){ref-type="fig"}a). Conversely, the FOXP3 expression level was not significantly affected by co-culture with BM-MSCs (Fig. [2](#Fig2){ref-type="fig"}a). Then, to mimic a pro-inflammatory environment, BM-MSCs were pre-incubated with TNF-α (10 ng/ml) and INF-γ (20 ng/ml) for 48 h before co-culture. This pre-incubation step did not affect (1) mitochondrial transfer from BM-MSCs to Th17 cells (Fig. [2](#Fig2){ref-type="fig"}b), (2) BM-MSC suppressive effect on Th17 cell phenotype and function (Fig. [2](#Fig2){ref-type="fig"}c), and (3) BM-MSC inhibitory effect on Th17 cell proliferation (Fig. [2](#Fig2){ref-type="fig"}d).Fig. 2Mitochondrial transfer from BM-MSCs significantly reduces IL-17 production independently of TNF-α/IFN-γ stimulation. **a** Representative dot plots of FOXP3 and IL-17 expression (left panels) in Th17 cells after 3 days of activation by incubation with beads coupled to anti-CD3/CD28 antibodies following (+) or not (−) co-culture with BM-MSCs for 4 or 24 h. Graphs (right panels) show the quantification of the results. **b** BM-MSC mitochondrial transfer to Th17 cells after 4 and 24 h of co-culture. BM-MSCs were pre-incubated or not (Basal) with TNF-α and IFN-γ. Mitochondrial transfer is expressed as the percentage of MitoTracker-positive T cells relative to all T cells and as the mean fluorescence intensity (MFI). **c** IL-17 and FOXP3 expression quantification in Th17 cells co-cultured or not (None) with BM-MSCs pre-incubated or not (Basal) with TNF-α and IFN-γ. **d** Proliferation of Th17 cells after 3 days of activation by incubation with beads coupled to anti-CD3/CD28 antibodies following co-culture or not (None) with BM-MSCs pre-activated or not (Basal) with TNF-α and IFN-γ. Data are the mean ± SEM of at least 3 independent experiments using PBMCs from five donors and BM-MSCs from three donors (MSC to T cell ratio = 1:25)Fig. 3Mitochondrial transfer from BM-MSCs significantly increases the generation of Treg cells. **a** Schematic representation of the cell sorting experiment. Th17 cells were co-cultured with MitoTracker (Mito)-labeled BM-MSCs for 4 h, and then Mito^+^ and Mito^−^ Th17 cells were isolated by cell sorting. **b** Representative dot plots of cells with the Th17 and Treg phenotypes. **c** IL-17 expression quantification 24 h after cell sorting of Mito^+^ and Mito^−^ Th17 cells by flow cytometry. **d** CD25 and FOXP3 expression quantification 24 h after sorting of Mito^+^ and Mito^−^ cells by flow cytometry. Data are the mean ± SEM of 3 independent experiments using PBMCs from four donors and BM-MSCs from three donors (MSC to T cell ratio = 1:25)

Then, to monitor the fate of Th17 cells that acquired or not mitochondria from BM-MSCs, Th17 cells were co-cultured with BM-MSCs for 4 h, and Th17 cells that received mitochondria (Mito^+^) or not (Mito^−^) were separated by cell sorting (Fig. [3](#Fig3){ref-type="fig"}a). FACS analysis performed 24 h after cell sorting showed that the FOXP3 signal was higher in Mito^+^ than in Mito^−^ T cells (Fig. [3](#Fig3){ref-type="fig"}b). Moreover, Mito^+^ T cells produced less IL-17 than Mito^−^ T cells, although the difference was not significant (Fig [3](#Fig3){ref-type="fig"}c). Finally, the percentage of CD4^+^CCR6^+^CD25^High^FOXP3^+^ cells (i.e., Th17 cells with a regulatory phenotype) was higher among Mito^+^ than Mito^−^ cells. Altogether, these data suggest that mitochondrial transfer from BM-MSCs to Th17 cells results in a reduced production of pro-inflammatory cytokines and induces a Treg phenotype in effector memory Th17 cells.

Effect of BM-MSC mitochondrial transfer on the energetic metabolism of recipient Th17 cells {#Sec16}
-------------------------------------------------------------------------------------------

Mitochondria are crucial for the cell energetic metabolism and oxidative phosphorylation (OXPHOS). To determine the effect of BM-MSC-T cell co-culture on T cell metabolism, non-adherent T cells were collected after 4 h of co-culture with BM-MSCs and cultured in the presence of IL-2 for 24 or 48 h. OXPHOS quantification using the Seahorse extracellular flux technology showed that co-culture had no effect on the T cell basal respiration levels (OCR) compared with control (T cells alone) (Fig. [4](#Fig4){ref-type="fig"}a). Conversely, the maximal T cell respiration was increased (as observed upon FCCP addition) in co-cultured T cells. Similar results were obtained using BM-MSCs from three different donors (Fig. [4](#Fig4){ref-type="fig"}b for basal respiration-level data). The maximal respiration was increased by 1.7-fold in T cells co-cultured for 4 h (Fig. [4](#Fig4){ref-type="fig"}c).Fig. 4Effects of BM-MSC mitochondria on T cell OXPHOS. After co-culture (4 h) with BM-MSCs pre-activated (aMSC) or not with TNF-α/IFN-γ, T cells were cultured for 48 h and then their oxygen consumption rates (OCRs) were measured (Seahorse system). **a** Results of a representative experiment at 48 h after co-culture. The T cell OCR values were determined in basal conditions and after consecutive addition of oligomycin, FCCP, and rotenone/antimycin A. **b** OCR quantification (basal condition) in Th17 cells co-cultured or not with BM-MSCs pre-activated (aMSC) or not (MSC) with TNF-α and IFN-γ. **c** OCR quantification to evaluate the maximal respiration in Th17 cells co-cultured or not with BM-MSCs pre-activated (aMSC) or not (MSC) with TNF-α and IFN-γ. Data are the mean values ± SEM of 4 independent experiments using BM-MSCs from three healthy donors (MSC to T cell ratio = 1:25)

Artificial transfer of BM-MSC mitochondria to T cells alters Th17 cell function {#Sec17}
-------------------------------------------------------------------------------

To assess whether BM-MSC mitochondria have a role in the regulation of CD4^+^ Th17 cell effector functions, the previously described MitoCeption technique \[[@CR17]\] was used to transfer mitochondria isolated from BM-MSCs to the target cells without the need of co-culture. Before mitochondria isolation, BM-MSCs were labeled with MitoTracker Deep Red and T cells with CellTracker (green). Flow cytometry analysis of T cells after MitoCeption revealed that almost 40% of T cells had incorporated the MitoTracker dye (Fig. [5](#Fig5){ref-type="fig"}a, b), a percentage similar to the one obtained after co-culture of BM-MSCs and T cells (Fig. [1](#Fig1){ref-type="fig"}b). 3D reconstruction of confocal microscopy images after MitoCeption highlighted the presence of BM-MSC mitochondria in T cells (Fig. [5](#Fig5){ref-type="fig"}c). Next, unlabeled BM-MSCs were used as a source of mitochondria for MitoCeption of Th17 cells. After MitoCeption, Th17 cells were activated with anti-CD3 and anti-CD28 antibody-coated beads for 3 days, and then their ability to produce IL-17 was assessed. The percentage of IL-17-producing cells (Fig. [5](#Fig5){ref-type="fig"}d) was significantly reduced among Th17 cells that underwent MitoCeption compared with controls (no MitoCeption). This indicates that BM-MSC mitochondria are sufficient to alter Th17 effector functions and suggests that mitochondrial transfer plays a role in MSC immunomodulation of Th17 cells. Finally, MitoCeption with mitochondria isolated from BM-MSC activated with pro-inflammatory cytokines (TNFα and IFNγ) did not affect the percentage of Th17 cells that incorporated mitochondria (Fig. [5](#Fig5){ref-type="fig"}a), but slightly increase the MFI (Fig. [5](#Fig5){ref-type="fig"}b). Moreover, mitochondria from activated BM-MSCs did not change the percentage of IL-17-producing Th17 cells after MitoCeption compared with mitochondria from non-activated BM-MSCs (Fig. [5](#Fig5){ref-type="fig"}d). The immunoregulatory effect mediated by mitochondrial transfer to Th17 cells was not associated with increased FOXP3 expression level (Fig. [5](#Fig5){ref-type="fig"}e). Then, to assess the effect of BM-MSC mitochondria transfer on T cell proliferation, MitoCepted T cells and control T cells were labeled with CellTrace violet. After 3 days of culture, the proliferation rate was comparable in control T cells and in T cells that underwent MitoCeption of mitochondria from non-activated and activated BM-MSCs (Fig. [5](#Fig5){ref-type="fig"}f).Fig. 5Artificial transfer of BM-MSC mitochondria in Th17 cells significantly reduces IL-17 production independently of TNF-α/IFN-γ activation. **a** Representative histogram showing MitoTracker-positive Th17 cells (flow cytometry) 24 h after artificial mitochondrial transfer using the MitoCeption protocol. Mitochondria were isolated from MitoTracker-labeled BM-MSCs pre-activated or not with TNF-α/IFN-γ. **b** Quantification of artificial mitochondrial transfer in Th17 cells as the percentage of MitoTracker-positive Th17 cells (left) or MFI (right). **c** Representative image of BM-MSC mitochondria after MitoCeption (ratio 0.025) in Th17 cells. **d** Quantification of IL-17 production by Th17 cells after 3 days of activation with beads coated with anti-CD3/CD28 antibodies following MitoCeption or not (None) of mitochondria isolated from BM-MSCs pre-activated or not (Basal) with TNF-α and IFN-γ. **e** FOXP3 expression quantification in Th17 cells after 3 days of activation with beads coated with anti-CD3/CD28 antibodies following MitoCeption or not (None) of mitochondria isolated from BM-MSCs pre-activated or not (Basal) with TNF-α and IFN-γ. **f** Proliferation of Th17 cells after 3 days of activation with beads coated with anti-/CD28 antibodies following MitoCeption or not (None) of mitochondria isolated from BM-MSCs pre-activated or not (Basal) with TNF-α and IFN-γ. Data are the mean ± SEM of at least 3 independent experiments using PBMCs from five donors and BM-MSCs from three donors and a ratio for MitoCeption of 1 BM-MSC:25 Th17 cells

Transfer of mitochondria derived from healthy BM-MSCs and from RA-sMSCs {#Sec18}
-----------------------------------------------------------------------

MSCs are the main stromal cells present in synovitis during active RA. Moreover, our previous findings showed that BM-derived and synovium-derived MSCs (sMSCs) share similar phenotypic properties and differentiation potential \[[@CR21]\]. To determine whether these two cell types exhibit the same mitochondrial transfer potential and whether RA affects this process, phenotypically characterized RA-sMSCs (CD44^+^, CD29^+^, CD105^+^) and BM-MSCs from healthy donors were labeled with MitoTracker before co-culture with CD4^+^ T cells for 4 h. FACS analysis indicated that the mitochondrial transfer capacity of RA-sMSCs was significantly reduced compared with BM-MSCs (Fig. [6](#Fig6){ref-type="fig"}a, b). Indeed, 56% and 66% of CD4^+^CD45RO^+^ T cells were Mito+ after 4 h of co-culture with RA-sMSCs and BM-MSCs, respectively (*p* \< 0.05) (Fig. [6](#Fig6){ref-type="fig"}b).Fig. 6Mitochondrial transfer from RA-sMSCs to CD4^+^ T cells is less efficient than that from BM-MSCs. **a** Representative histogram of mitochondrial transfer from synovium-derived MSCs (patients with rheumatoid arthritis; RA-sMSCs) and from BM-MSCs (healthy donors) to CD4^+^ T cells. **b** Quantification of the percentage of mitochondrial transfer from RA-sMSCs and from BM-MSCs to CD4^+^ T cells. Data are the mean ± SEM of at least 3 independent experiments using PBMCs from three donors and BM-MSCs from three healthy donors or RA-MSCs from three patients with RA (PBMC to BM-MSC or RA-sMSC ratio = 1:25)

Discussion {#Sec19}
==========

The present study shows that BM-MSC immunoregulatory effect on Th17 cells relies also on mitochondrial transfer. Mitochondrial transfer was observed already after 4 h of co-culture of BM-MSCs and T cells and did not require MSC activation by pre-incubation with pro-inflammatory cytokines. Moreover, after co-culture for 24 h, the MFI level was further increased, but not the percentage of T cells that acquired mitochondria. These findings suggest that a Th17 cell sub-population is resistant to mitochondrial transfer. Moreover, mitochondrial transfer was associated with increased oxygen consumption by Th17 cells that significantly impaired their capacity to produce IL-17. Additionally, the analysis of the Th17 cell phenotype after cell sorting according to the uptake or not of mitochondria showed a significant increase of Treg markers in Th17 cells that acquired mitochondria, suggesting that mitochondrial transfer from MSCs can promote the acquisition of an anti-inflammatory phenotype by pro-inflammatory Th17 cells. Finally, our study showed that mitochondrial transfer is impaired in sMSCs from patients with RA compared with BM-MSCs from healthy donors.

Intercellular communication allows the transfer of small molecules and also of intracellular structures, including components of the plasma membrane, lysosomes, endosomal vesicles, and mitochondria, unidirectionally and/or bidirectionally \[[@CR15]\]. MSCs can transfer their mitochondria to target cells \[[@CR23]\] to restore mitochondrial function in recipient cells \[[@CR19], [@CR20]\].

T cell activation and Th17 cell differentiation are associated with glycolysis increase, whereas mitochondrial alteration is associated with lipid oxidation \[[@CR24]\]. T cell antigen receptor stimulation in the presence of inflammatory co-stimulation leads to activation of the PI3K/AKT/mTORC1 signaling pathway and promotes aerobic glycolysis and glutamine metabolism. This leads to increased lymphocyte proliferation and activation \[[@CR25]\]. This metabolic phenotype is also associated with reduced expression levels of the Treg cell transcription factor FOXP3 and a decrease of Treg suppressive functions \[[@CR26]\]. In response to T cell activation, a metabolic switch from OXPHOS to glycolysis occurs concomitantly with an increase in T cell size, indicating that activated T cells rely predominantly on glycolysis \[[@CR27]\]. Mitochondrial lipid oxidation alters the electron flow through the succinate dehydrogenase complex, promoting the generation of reactive oxygen species and inflammation \[[@CR28]\]. Furthermore, it has been shown that memory T cell development depends on mitochondrial fatty acid oxidation \[[@CR29]\]. It has been proposed that high glycolytic activity favors Th17 cell differentiation, whereas mitochondrial lipid oxidation promotes Treg cell differentiation, suggesting that metabolic programming is required for T cell differentiation. Accordingly, the local nutrient conditions are critical for the regulation of the ratio between pathogenic Th17 and Treg cells. Remarkably, various cellular factors that are implicated in the activation of the glycolysis pathway in T cells (e.g., mTOR and HIF-1) directly target and activate the key molecules of the Th17 cell signature (the master transcription factor RORγt, the cytokines IL-17A and IL-17F, and IL-23 receptor) and induce the expression of various genes that support Th17 cell survival \[[@CR30]\]. On the other hand, HIF1 promotes the proteosomal degradation of FOXP3, a Treg cell marker \[[@CR31]\]. However, it is not well understood how these metabolic switches operate and how they are related to T cell plasticity.

MSCs can transfer mitochondria to T cells to compensate for mitochondrial energetic metabolic alterations. We thus hypothesized that mitochondrial transfer from MSCs to Th17 cells regulates their function and also chronic inflammation. Our data show that the rapid uptake of BM-MSC mitochondria by Th17 cells after co-culture has a significant impact on Th17 cell metabolism by increasing the maximal T cell respiration. In addition, IL-17 production by Th17 cells was decreased after artificial mitochondrial transfer, demonstrating that the suppressive effect associated with mitochondrial transfer in co-culture was driven only by mitochondria from MSCs. Importantly, this inhibitory activity is independent of BM-MSC pre-activation by incubation with IFN-γ and TNF-α. Altogether, these results suggest that MSCs exert an immunosuppressive activity on the Th17 cell subset via mitochondrial transfer that increases oxygen consumption and consequently induces OXPHOS. Additional studies are required to demonstrate the mechanism by which mitochondrial transfer modulates the phenotype and function of pathogenic Th17 cells, and the therapeutic relevance of this phenomenon in the context of autoimmune diseases.

Conclusions {#Sec20}
===========

In RA, chronic synovitis is characterized by proliferation of synovial stromal cells and accumulation of monocytes and Th17 cells. Synovial cell ability to adapt their metabolism in response to the inflammatory microenvironment is involved in RA pathogenesis. In the RA joint, mitochondrial dysfunction is associated with oxidative stress, angiogenesis, pro-inflammatory cytokines, and activation of the NLRP3 inflammasome \[[@CR32]\]. Furthermore, metabolic studies have shown that in the RA synovium, the nicotinamide adenine dinucleotide phosphate oxidase NOX2 is increased and cytochrome C oxidase is deficient \[[@CR33]\]. In addition, alterations in mitochondrial function in response to hypoxia lead to a shift in synovial bioenergetics to glycolysis and induce pro-inflammatory mechanisms. In autoimmune diseases, such as systemic lupus erythematosus, MSCs influence T cell response by repressing autophagy following mitochondrial transfer \[[@CR34]\]. Here, we found that mitochondrial transfer from RA-sMSCs to Th17 cells is significantly reduced compared with BM-MSCs from healthy donors. This defect could be associated with reduced MSC immunoregulatory effects on Th17 cells in RA. This suggests a putative new mechanism responsible for the persistence of active pathogenic Th17 cells in chronic arthritis. Additional studies are needed to demonstrate that the impaired mitochondrial transfer from sMSCs alters Th17 cell function in RA.

Additional file
===============
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Additional file 1:**Figure S1.** Artificial transfer of mitochondria from BM-MSCs to Th17 cells using the "MitoCeption" protocol. Schematic representation of the different steps used for artificial mitochondrial transfer from BM-MSCs to Th17 cells. (PDF 583 kb)
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